Summary. Four streptozotocin-diabetic gilts (maintained on exogenous insulin for 3 months) and 4 normoglycaemic gilts were treated with 600 i.u. PMSG. Diabetic Follicular fluid concentrations of oestradiol in follicles \m=ge\7 mm were lower in diabetic than normoglycaemic gilts (341 vs 873 ng/ml; s.e.m. = 86; P < 0\m=.\05). Testosterone was higher in follicles 3\p=n-\6mm in diameter in diabetic than in normoglycaemic gilts (142 vs 80ng/ml; s.e.m. = 26; P < 0\m=.\05).Progesterone concentrations in follicular fluid were not affected by glycaemic state. Concentrations of IGF-I in follicles \ m=ge\7 mm were lower in diabetic than control gilts (150 vs 200ng/ml; s.e.m. = 13; P < 0\m=.\05). We conclude that follicles of diabetic gilts respond to external gonadotrophic stimulation with decreased hormone production and increased ovarian follicular atresia, despite an absence of effects on circulating gonadotrophin and oestradiol concentrations.
Introduction
Insulin has been implicated in control of ovarian function in vivo and in vitro. In pigs, ovulation rate was increased by daily administration of insulin beginning 6 days before oestrus (Cox et ai, 1987a) . In studies to determine the effect of exogenous insulin on preovulatory follicular growth, we found that insulin administration reduced follicular atresia in cyclic (Matamoros et ai, 1990) and PMSGtreated prepubertal gilts (Matamoros et ai, 1991) . Insulin administration also increased follicular fluid insulin-like growth factor-I (IGF-I) in PMSG-treated gilts (Matamoros et ai, 1991) . Insulin and IGF-I share certain differentiating and stimulatory actions on granulosa cells in vitro, including cell proliferation, progesterone secretion, aromatase activity and morphological development (May & Schomberg, 1981; Baranao & Hammond, 1984; Veldhuis et ai, 1985; Adashi et ai, 1985; Amsterdam et ai, 1988; Caubo et ai, 1989; Erickson et ai, 1989) .
Diabetes mellitus impairs reproductive function in rats (Kirchick et ai, 1978) and humans (Djursing et ai, 1982; Diamond et ai, 1988) . Administration of insulin replacement therapy to diabetics allows resumption of reproductive function (Davis et ai, 1945; Kirchick et ai, 1982) . There is some evidence that diabetic pigs are fertile but observations were for 3 animals for which the severity of diabetes was not established (Ezekwe, 1986) .
The present study was designed to explore further the role of insulin on reproductive function by examining the effects of diabetes mellitus during follicular growth. The objective was to characterize follicular development and concentrations of intrafollicular steroids and IGF-I as well as systemic LH, oestradiol and IGF-I in (1978) and Matamoros et al. (1990) . Follicular fluid from individual follicles was diluted in 001 M-phosphate-buffered saline, containing 01% gelatin (PBS), pH 7-5, to dilutions ranging from 1:10 to 1:40 depending on the amount of follicular fluid available, and fluid was frozen until assayed.
Assays. Serum LH concentrations were determined by a double-antibody RIA using a rabbit anti-porcine LH serum (#566) validated previously (Niswender et ai 1970; Cox et ai, 1987a) . Intra-and interassay coefficients of variation were 14 and 11%, respectively, and sensitivity of the assay was 0-3 ng/ml. Serum FSH concentrations were measured by an RIA validated in our laboratory (Cox et ai, 1987a) . Intra-and interassay coefficients of variation were 6-4 and 11-2% respectively, and sensitivity of the assay was 0-25 ng/ml. Stored follicular fluid was further diluted to concentrations of 1:100 or 1:200 in PBS for progesterone and testos¬ terone RIA and to 1:1000 for medium-sized follicles, and 1:6000 for large-sized follicles for oestradiol RIA. Sample volumes of 200 µ of the diluted fluid were assayed. Small (< 3 mm) follicles were excluded from all hormone analyses due to insufficient follicular fluid volume. Progesterone concentrations were determined by a RIA validated in our laboratory (Rainey et ai, 1990) Concentrations of oestradiol were assayed by procedures previously validated in our laboratory for serum (Cox et ai, 1987b) and follicular fluid (Matamoros et ai, 1990) . Intra-and interassay coefficients of variation were 14 and 20%, respectively, and the sensitivity of the assay was l-8pg/ml in serum and 2-4pg/ml in follicular fluid with recoveries of 95%.
Serum and follicular fluid IGF-I concentrations were assayed according to the procedure of Houseknecht et al. ( 1988) . In order to disassociate IGF-I from its binding proteins, 50 pi serum or 50-200 µ follicular fluid (diluted from 1:10 to 1:40) were incubated for 36 and 24 h, respectively. The incubation solution (pH 3-2-3-5) contained 0-5-1 0 ml IGF-I assay buffer and 480 µ 0-2 M-glycyl glycine HC1. The first antibody was anti-somatomedin-C/IGF-I rabbit antiserum (UBK487, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Baltimore, MD, USA) diluted at 1:2400 in 100 µ IGF-I assay buffer containing normal rabbit serum at 1:200. The second antibody (sheep-anti-rabbit gamma globulin; MSU #24, 9-13-83) was diluted 1:10 in 50 µ assay buffer. IGF-I standard was lot #1401-3 (Amgen 141000, Amgen Biological, Thousand Oaks, CA, USA). The radiolabelled IGF-I was (3-(125I) ¡odotyrosyl) insulin-like growth factor (Thr59) (IGF, Amersham IM-172; Amersham Corp., Arlington Heights, IL, USA) and had a specific activity of 2000 Ci/mmol. The average recovery of 50, 100 and 200 pg IGF-I added to 50 µ serum and follicular fluid and corrected for endogenous IGF-I was 106%, and increasing amounts of serum and follicular fluid (25, 50 and 75 µ ) produced a curve parallel to the standard curve. The intra-and interassay coefficients of variation were 13 and 15%, respectively, and the sensitivity was 6-0 ng/ml for serum and follicular fluid.
Concentrations of testosterone in follicular fluid were measured according to a procedure validated in our laboratory (Matamoros et al, 1990 ). Intra-and interassay coefficients of variation were 13 and 21% respectively, and the sensitivity of the assay was 008 ng/ml with extraction efficiency of 80%. Concentrations of insulin in serum were measured by a procedure previously validated in our laboratory (Cox et ai, 1987a) . Intra-and interassay coefficients of variation were 8 and 15% respectively, and sensitivity of the assay was 004 ng/ml. Glucose concentrations were measured in plasma by the glucose oxidase-peroxidase method as described by Cox el ai (1987a).
Statistical analyses. Proportions of non-atretic follicles in individual size classes were expressed as the percentages of total follicles present in each ovary. Proportions and numbers of follicles were analysed using one-way analysis of variance (Steel & Torrie, 1980) (SAS, 1988) .
The methods of Goodman & Karsch (1980) were used to identify LH pulses. The criteria for LH pulses were: (1) a peak had to occur within 2 samples of the previous nadir; (2) the amplitude had to be greater than the sensitivity of the assay; and (3) the LH concentration at the peak had to exceed the 95% confidence limits of the concentrations at both the preceding and subsequent nadir. The baseline LH concentration was defined as the mean LH after peaks and values associated with the ascending phase of peaks were deleted, and the peak height was defined as the peak value minus the average baseline concentration for that animal. Variables obtained using these criteria were analysed for effects due to glycaemic state using one-way analysis of variance (SAS, 1988) . Pearson correlation coefficients were calculated between all hormones measured in follicular fluid (SAS, 1988 There were no effects of glycaemic state on ratios of oestradiol to progesterone or oestradiol to testosterone in follicles 3-6 mm (Table 3) . In follicles > 7 mm, diabetic gilts had significantly lower ratios of oestradiol to both progesterone and testosterone than did normoglycaemic gilts. The ratios of oestradiol to both progesterone and testosterone were affected by follicular diameter (P < 001), with follicles >7mm having higher ratios than 3-6mm follicles (P < 005; not indicated in table).
Plasma glucose value was significantly higher and serum insulin lower in diabetic than control gilts throughout the entire 72-h sampling period (treatment by time interaction; < 00001). Also, diabetic gilts did not exhibit fluctuations in insulin similar to those in controls, for which insulin increased approximately every 24 h, associated with morning feeding activity (Fig. 1) . Serum concentrations of IGF-I tended to be lower in diabetic gilts (effect of glycaemic state; < 01). Concentrations of IGF-I averaged 68 + 3-9 in diabetic and 104 + 2-6 ng/ml in normoglycaemic gilts over all sampling times.
Immediately before PMSG, serum LH was 004 + 002 ng/ml for diabetic gilts and 009 + 003 ng/ml for control gilts (P < 005; Fig. 2 ). There was a treatment by time interaction for LH (P < 00001), and suppression of LH was evident within 12 h after PMSG. At 72 h after PMSG, LH in diabetic gilts was elevated (P < 001). This increase was due to the beginning of an apparent preovulatory LH surge in one diabetic gilt with values of 3 and 7 ng/ml at 66 and 72 h and another diabetic gilt with a value of 2 ng/ml at 72 h after PMSG. Concentrations of serum FSH were similar in diabetic and control gilts, respectively, averaging 0-60 ± 004 and 0-58 + 003 ng/ml over the sampling period.
There was no influence of diabetes on serum oestradiol concentrations (Fig. 2) . Oestradiol concentrations increased during the 72 h after PMSG and ranged from 2-5 to 20 pg/ml in normo¬ glycaemic gilts (average 15+ 1-3 pg/ml) and from 3 to 23 pg/ml in diabetic gilts (average 19+ 1-9 pg/ml). 
Discussion
One of the major effects of diabetes in this study was an increase in atresia of small follicles in diabetic compared with normal gilts despite similar numbers of larger follicles which were not visibly atretic. In earlier studies we reported that insulin administration to normoglycaemic cyclic gilts caused a dramatic reduction in atresia of preovulatory-sized follicles (Matamoros et ai, 1990 ). However, in normoglycaemic PMSG-treated prepubertal gilts, the converse of the present study was observed; insulin reduced atresia in small (<3mm) follicles only (Matamoros et ai, 1991) . Together these observations suggest a role for insulin in prevention of follicular atresia.
Since ovaries were not examined during the period of insulin therapy before this experiment, conclusions cannot be made about possible differences in atresia which may have existed before PMSG administration. However, when insulin therapy was resumed for these diabetic gilts after this experiment, function of the remaining ovary appeared normal, since there was no influence of glycaemic state on age at puberty (183 ± 3 days for normoglycaemic and 187 + 4 days for diabetic gilts) and subsequent cyclicity (Meurer et ai, 1990) . There is therefore no evidence that hypothalamo-pituitary maturation or ovarian function was delayed by diabetes.
The diabetic gilts initially responded to PMSG in the same way as did the control gilts, as shown by equivalent numbers of follicles > 3 mm. Similar ovulatory responses to exogenous gonado¬ trophins were evident in normal and diabetic mice (Diamond et ai, 1989) ; similar numbers of oocytes were recovered from normal and diabetic mice, but maturation of oocytes from diabetic mice was delayed. In contrast, diabetic rats did not ovulate in response to PMSG (Kirchick et ai, 1982) . The present study did not address whether diabetic pigs would ovulate after PMSG but, based on the number of follicles of preovulatory size, PMSG recruitment of follicles probably began normally in the diabetic gilts.
Despite the absence of macroscopic morphological differences in follicles > 3 mm in diam¬ eter, diabetes was associated with lowered concentrations of several intrafollicular hormones.
Oestradiol concentration was decreased by diabetes in large non-macroscopically atretic follicles (>7mm), which are of the size most likely to be preovulatory (Foxcroft & Hunter, 1985 (Ainsworth et ai, 1980 (Meurer et ai, 1990 (Hammond et ai, 1988) . Also, intrafollicular IGF-I concentrations were correlated with size of pig follicles, in con¬ trast to intrafollicular concentrations of insulin (Hammond et ai, 1985 (Garzo & Dorrington, 1984) and IGF-I (Erickson et ai, 1989 (1978) observed that basal LH was similar in diabetic and control rats. In contrast to the present study, in rats diabetes abolished the oestradiol-induced LH surge, which was restored by insulin (Kirchick et ai, 1978 (Kirchick et ai, , 1982 Katayama et ai, 1984) . Also, results from our laboratory indicate that ovariectomized diabetic pigs have a preovulatory LH surge in response to oestradiol benzoate (Carlton et ai, 1990) . Serum FSH was similar in diabetic and control gilts in this study and there was no increase in FSH after PMSG administration, in agreement with the results of Flowers et ai (1989) . Peripheral FSH concentration was not affected by insulin administration to normoglycaemic PMSG-treated gilts (Matamoros et ai, 1991) .
The failure of diabetes to affect circulating gonadotrophin values argues against a role for the hypothalamo-pituitary complex in the impairment of steroidogenesis observed in this study. In our earlier studies, we observed that effects of insulin on ovulation rate were not necessarily associated with changes in gonadotrophins (Cox et ai, 1987a; Matamoros et ai, 1991) . Although not tested directly in the present study, lack of insulin may have interfered with the action of gonadotrophins on granulosa cells. A synergism of both insulin and IGF-I with gonadotrophins to enhance granulosa cell function is well-established (Adashi et ai, 1985; Poretsky & Kalin, 1987) .
In summary, the numbers of presumed preovulatory follicles at 75 h after PMSG were not affected by diabetes, although atresia of small follicles was increased. However, although numbers and gross morphology of follicles > 3 mm in diameter were similar, the ability of follicles to produce oestradiol, testosterone and IGF-I was impaired in diabetic gilts. This impairment was in spite of apparently adequate concentrations of LH in serum and progesterone and testosterone in large follicles. We therefore conclude that the diabetic condition, the subsequent lack of insulin, and possibly the lack of IGF-I, impair steroidogenesis at some point subsequent to progesterone production.
